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ABSTRACT
We have prepared triplex-forming oligonucleotides
containing the nucleotide analogue 5-dimethyl-
aminopropargyl deoxyuridine (DMAPdU) in place of
thymidine and examined their ability to form inter-
molecular triple helices by thermal melting and
DNase I footprinting studies. The results were com-
pared with those for oligonucleotides containing
5-aminopropargyl-dU (APdU), 5-guanidinopro-
pargyl-dU (GPdU) and 5-propynyl dU (PdU). We
find that DMAPdU enhances triplex stability relative
to T, though slightly less than the other analogues
that bear positive charges (T << PdU < DMAPdU <
APdU < GPdU). For oligonucleotides that contain
multiple substitutions with DMAPdU dispersed
residues are more effective than clustered com-
binations. DMAPdU will be especially useful as a
nucleotide analogue as, unlike APdU and GPdU,
the base does not require protection during oligo-
nucleotide synthesis and it can therefore be used
with other derivatives that require mild deprotection
conditions.
INTRODUCTION
The formation of three-stranded DNA complexes can be
exploited as a means to recognize speciﬁc DNA sequences
with several applications in diagnostics and medicine
(1–4). In this strategy a triplex-forming oligonucleotide
(TFO) binds to a speciﬁc double-stranded DNA sequence
by hydrogen bonding between its bases and exposed
groups on the duplex base pairs, generating base triplets
(5). Oligonucleotides composed of pyrimidine bases bind
in a parallel orientation to the purine-strand of the duplex
forming T.AT and C
+.GC triplets (6). Although triplex
formation has been demonstrated as a way of introducing
mutations in cell culture and animal models (7–10) its
eﬃciency under physiological pH and ionic conditions is
limited by several intrinsic limitations. For example, the
binding of a TFO is often weak, due to charge repulsion
between the three polyanionic DNA strands and a require-
ment for protonation of third strand cytosines. Triplex
formation is also restricted to oligopurine.oligopyrimidine
target sites as there is no method for recognizing pyrimi-
dine.purine base pairs using natural bases. To overcome
these limitations we and others have prepared nucleotide
analogues and have used them to generate oligonucleo-
tides that form stable triplexes at mixed sequence duplex
targets at physiological pH (1,11–13).
One of the simplest strategies to alleviate the charge
repulsion problem has been to use nucleoside analogues
that contain positively charged moieties on the sugar, the
phosphate or the base (14–21). To this end the nucleoside
analogues 5-aminopropargyl-dU and 20-aminoethoxy,
5-aminopropargyl-dU position protonated amines to
interact with the negative phosphodiester residues within
the duplex purine-strand and/or the TFO and form more
stable triplets with AT base pairs than T (8,15,18,20,21).
However, a drawback of these analogues is the relatively
harsh conditions required to deprotect the amino groups
during oligonucleotide synthesis. This limits the compati-
bility of such modiﬁcations with other chemical groups,
such as the cross-linking agent psoralen used in gene-
targeting. There is therefore a need to develop novel
charged nucleosides that do not require, or require less
harsh deprotection conditions.
We have previously reported the synthesis of the nucleo-
side analogue 5-dimethylaminopropargyl deoxyuridine
(DMAPdU; Figure 1A) (22). This analogue is similar to
5-aminopropargyl dU (APdU) but contains a dimethyl-
amine in place of the primary amine at the 5-position.
In contrast to a primary amine, DMAPdU does not
require protection during phosphoramidite monomer or
oligonucleotide synthesis. Preliminary melting experi-
ments have shown that although DMAPdU is not as sta-
bilizing as APdU against an AT base pair it does lead to
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sequence selectivity and aﬃnity of this analogue by exam-
ining TFOs that contain single or multiple substitutions
of the analogue at diﬀerent positions within the TFO. We
also examine its eﬀect on the kinetics of triplex formation.
The properties of DMAPdU are compared with three
other uridine derivatives; 5-aminopropargyl-dU (APdU);
5-propynyl-dU (PdU), which lacks the charge at the end
of the propargyl chain and 5-guanidinopropargyl-dU
(GPdU), which contains a guanidine at the same position.
The structures of these analogues and the proposed base
triplets that they generate with an AT base pair are shown
in Figure 1A.
MATERIALS AND METHODS
Oligonucleotide synthesis
Phosphoramidites. The phosphoramidite monomers for
the analogues were synthesized as previously reported
(15,22). The synthesis of the phosphoramidite of 5-
-guanidinopropargyl-dU is described in the supplemen-
tary material. These were then dissolved in anhydrous
acetonitrile to a concentration of 0.1M. The phosphora-
midites of 5-propynyl-dU, 50-ﬂuorescein, ﬂuorescein-dT,
5-methyl dC and 50-dabcyl were purchased from Glen
Research or Link Technologies.
Oligonucleotides. All oligonucleotides were synthesized
on an Applied Biosystems 394 automated DNA/RNA
synthesizer using a standard 1.0mmol phosphoramidite
cycle of acid-catalysed detritylation, coupling, capping
and iodine oxidation. Standard A, G, C and T monomers
were coupled for 30s and all other monomers were
coupled for 6min. Stepwise coupling eﬃciencies were
determined by the automated trityl cation conductivity
monitoring facility and found to be >98.0%. After oligo-
nucleotide assembly the columns were treated with 20%
diethylamine in acetonitrile for 20min to remove
cyanoethyl groups from the phosphotriester moieties
and prevent addition of acrylonitrile to the N(3)-position
of the modiﬁed uracil bases. The columns were then
washed with acetonitrile then cleavage and deprotection
of the oligonucleotides from the solid support was
achieved by exposure to concentrated ammonia solution
(20h at room temperature). Analysis and puriﬁcation of
oligonucleotides was then carried out by reversed phase
HPLC and analysed by MALDI-TOF mass spectrometry
using a ThermoBioAnalysis Dynamo MALDI-TOF mass
spectrometer in positive ion mode using internal dTn stan-
dards. The sequences of the oligonucleotides are shown in
Figure 1B.
Fluorescence melting experiments
Melting temperatures (Tm). Fluorescence melting experi-
ments on the triplexes containing single and multiple sub-
stitutions of the analogues shown in Figure 1 were carried
out using a Roche LightCycler as previously described
(23). In these experiments each TFO was labelled at the
50-end with a quencher (methyl red or dabcyl) while
the purine strand of the duplex was either labelled at the
Figure 1. (A) Chemical structures of the X.AT triplets, where X is either T or the 5-position deoxyuridine analogues examined in this study (B)
(i) Sequences of the oligonucleotides used in single substitution ﬂuorescence melting studies. The third strand is labelled with dabcyl (Q) at the 50-end,
whilst the purine strand of the duplex (boxed) is labelled with ﬂuorescein (F) at the 50-end. Each analogue was examined in turn at position X against
duplex targets containing each base pair at position ZY. (ii) Sequence of the oligonucleotides used in multiple substitution ﬂuorescence melting and
DNase I footprinting studies. In melting experiments the purine strand of the duplex is labelled with ﬂuorescein attached to T adjacent to the 50-end
of the oligopurine tract (F=FAM-dT). In footprinting experiment the TFO target (F=T) is contained within the 110 base pair tyrT(43–59)
DNA fragment which was labelled at the 30-end of the EcoRI site with [a-
32P]dATP. In both cases the third strand was labelled with dabcyl (Q) at
the 50-end and contained methyl C (C) in place of C. Each analogue was examined in turn as six substitutions at position X in each TFO.
Nucleic Acids Research,2009, Vol.37, No. 4 128950-end with ﬂuorescein (Figure 1Bi) or internally with
FAM-dT (Figure 1Bii). The triplexes were prepared in
either 50mM sodium acetate buﬀer (pH 5.0, 5.5 or 6.0)
or 50mM sodium phosphate (pH 7.0) both containing
200mM sodium chloride. Melting experiments were per-
formed in a total volume of 20ml and contained 0.25mM
duplex and 3mM of TFO. The complexes were ﬁrst dena-
tured by rapidly heating to 958C and left to equilibrate
for 10min. The complexes were then cooled to 308Ca ta
rate of 0.28C min
 1 to eliminate hysteresis. After 5min the
complexes were heated to 958C at the same temperature
gradient. Although the slowest rate of continuous temper-
ature change in the LightCycler is 0.18Cs
 1, slower melt-
ing proﬁles were obtained by increasing the temperature in
18C steps, leaving the samples to equilibrate for a set
amount of time. Recordings were taken during both
the heating and cooling steps to check for hysteresis. Tm
values were determined from the ﬁrst derivatives of the
melting proﬁles using the software provided with the
machine and usually diﬀered by less than 0.58C.
Non-equilibrium melting. The hysteresis between melting
and annealing curves at fast rates of heating and cooling
were used to estimate association and dissociation rate
constants as previously described (8,24,25). For these
experiments the triplexes were ﬁrst heated to 958C and
then cooled slowly to 358C at a rate of 0.28C min
 1.
Melting curves were then obtained by heating the samples
to 958C, at a rate of 68C min
 1 leaving them to equilibrate
for 5min, and then cooling to 358C at the same rate.
Recordings were taken during both the heating and cool-
ing cycles. If  c and  h are the fractions of the duplex that
are occupied by the third strand in the cooling and heating
curves respectively, then d( c)/dT=d( c)/dt (dT/dt)
 1
and d( h)/dT=d( h)/dt (dT/dt)
 1, where t is time and
T is temperature. If k1 and k 1 are the triplex association
and dissociation rate then d( c)/dt=k1[TFO](1  c) 
k 1 c and d( h)/dt=k1[TFO](1  h) k 1 h. By mea-
suring d( c)/dT,d (  h)/dT,  c and  h, the individual rate
constants can be estimated at each temperature. Since
the third-strand concentration is in excess in these experi-
ments it eﬀectively remains constant during the reaction
(3mM), yielding a pseudo ﬁrst-order process with a rate
constant k
  given by k1[TFO].
DNaseI footprinting
Footprinting reactions were performed as previously
described (26).
DNA fragment. The tyrT(43–59) fragment contains a
17-base oligopurine tract between positions 43 and 59,
which has the same sequence target as that used in the
ﬂuorescence melting experiments (27). A 110 base pair
radiolabelled fragment containing this sequence was
obtained by digesting the plasmid with EcoRI and AvaI
and labelling at the 30-end of the EcoRI site using reverse
transcriptase and [a-
32P]dATP. This was then separated
from the remainder of the plasmid DNA on an 8%
(w/v) non-denaturing polyacrylamide gel. After elution
the fragment was dissolved in 10mM Tris–HCl, pH 7.5,
containing 0.1mM EDTA to give about 10 cps/ml as deter-
mined on a hand-held Geiger counter (< nM).
Equilibrium reactions. A total 1.5ml of radiolabelled DNA
was mixed with 3ml of appropriately diluted oligonucleo-
tide and left to equilibrate at 208C overnight. Experiments
were performed in 10mM PIPES, pH 6.0 containing
50mM NaCl and 2.5mM MgCl2. The ﬁnal oligonucleo-
tide concentration was varied between 3nM and 3mM.
DNase I digestion was initiated by adding 2ml of DNase
I (typically 0.01 units/ml) dissolved in 20mM NaCl con-
taining 2mM MgCl2 and 2mM MnCl2. The reaction was
stopped after 1min by adding 4 ml DNase I stop solution
[80% formamide, 10mM EDTA, 10mM NaOH, and
0.1% (w/v) bromophenol blue].
Association reactions. The association reactions were
initiated by mixing 30ml of appropriately diluted oligonu-
cleotide (between 0.1 and 10mM) with 15ml of radiola-
belled DNA. The oligonucleotides were diluted in
50mM sodium acetate pH 5.0 containing 2.5mM magne-
sium chloride. The association reaction was followed by
removing 3ml aliquots at various time points (between 30s
and 4h) and digesting with 2ml of DNase I (typically
 0.05 units/ml). After 20s the reaction was stopped
by the addition of DNase stop solution.
Denaturing polyacrylamide gel electrophoresis. The pro-
ducts of digestion were separated on 9% polyacrylamide
gels containing 8M urea. Samples were heated to 1008C
for 3min, before loading onto the gel. Polyacrylamide gels
(40cm long, 0.3mm thick) were run at 1500V for about
2h before ﬁxing in 10% (v/v) acetic acid, transferring to
Whatman 3MM paper and drying under vacuum at 868C
for 1h. The dried gels were subjected to phosphorimaging
using a Molecular Dynamics Storm 860 phosphorimager.
Footprint quantification. The intensity of bands within
each footprint was estimated using ImageQuant software.
These intensities were then normalized relative to a band
in the digest which is not part of the triplex target site, and
which was not aﬀected by addition of the oligonucleotides.
C50 values, indicating the third strand concentration
that reduced the intensity of bands in the footprint by
50%, were determined by ﬁtting a simple binding curve
to these data.
RESULTS
DNase I footprinting and ﬂuorescence melting experi-
ments were used to examine the triplex-forming properties
of the 5-dimethylaminopropargyl dU analogue shown
in Figure 1A.
Sequence specificity
The sequence speciﬁcity of TFO containing DMAPdU
was assessed by determining the melting temperature
(Tm) of the ﬂuorescently labelled intermolecular triplexes
shown in Figure 1Bi. In these experiments a single
DMAPdU was incorporated at the centre of an 18mer
TFO (indicated by X in Figure 1B) and targeted against
1290 Nucleic Acids Research, 2009, Vol. 37,No. 4four duplexes in which ZY was each base pair in turn.
The thermal stabilities of these complexes were compared
with those formed by TFOs containing T and the analo-
gues APdU and GPdU at identical positions.
Representative melting curves for the complexes at pH
6.0 are shown in Figure 2 and Tm values derived from
these and for the same complexes at pH 5.0 and 5.5 are
summarized in Table 1. Examination of these data reveals
that as expected all the deoxyuridine analogues increased
triplex stability when positioned opposite an AT base pair
in the target (top left panel). The magnitude of the stabi-
lization was dependent on the analogue; the dimethyla-
mino derivative DMAPdU increased the Tm by about
2.58C, while the primary amine (APdU) and guanidine
(GPdU) variants increased the Tm by about 48C relative
to T. The stabilization was also greater at higher pHs with
Tm values nearly twice as large at pH 6.0 compared
to pH 5.0. Interestingly, the pH also aﬀected the kinetics
of the modiﬁed complexes since there was a small amount
of hysteresis between the melting and annealing curves at
pH 5.0 but not at pH 5.5 or 6.0. In contrast, no hysteresis
was observed with the T-containing TFO. This suggests
that there are some slow association and/or dissociation
kinetics with these modiﬁed triplexes, which are examined
in greater detail below.
Examination of the interaction of the analogues with
the other three base pairs reveals that, as well as showing
an increased aﬃnity for AT, all analogues increased tri-
plex stability when positioned against a GC base pair,
with an increase of about 3.0, 4.5 and 48C for the dimethy-
lamine, amine and guanidine derivatives respectively. This
contrasts to their interaction with CG or TA base pairs
in which little or no stabilization was observed. A similar
eﬀect was previously seen with the 20-aminoethoxy deriv-
ative of APdU suggesting that this increase in speciﬁcity is
in part due to the presence of the 5-position substituent
(8). No hysteresis was observed with any of the mis-
matched triplets.
Sequencearrangement
The eﬀect of the arrangement of the modiﬁed bases was
examined by comparing the interaction of TFOs contain-
ing six clustered substitutions or six dispersed substitu-
tions of each analogue (indicated by X in Figure 1Bii)
with the same duplex target site. DMAPdU, T, APdU,
GPdU and PdU were each incorporated at identical posi-
tions in the TFOs. For these oligonucleotides 5-methyl dC
was used in place of C as it has improved base stacking
and a slightly higher pK, extending triplex formation to
higher pH values.
Figure 2. Representative ﬂuorescence melting curves showing the interaction of the singly substituted TFOs with duplex target sites containing
a variable central base pair, generating X.AT, X.TA, X.GC or X.CG base triplets where X is T (squares), DMAPdU (circles), APdU (triangles)
or GPdU (diamonds). The experiments were performed in 50mM sodium acetate pH 6.0, containing 200mM NaCl. The complexes were heated and
cooled at a rate of 0.28Cmin
 1.
Nucleic Acids Research,2009, Vol.37, No. 4 1291Fluorescence melting. The interactions of the TFOs con-
taining dispersed or clustered nucleotide analogues with
the ﬂuorescently labelled duplex shown in Figure 1Bii
were determined. This duplex was designed to be 10
base pairs longer than the triplex in order to separate
the triplex and duplex melting transitions and the ﬂuores-
cein was attached to the 5-position of a T at the 50-end of
the purine strand of the TFO-binding site. The melting
and annealing proﬁles were again obtained by heating
and cooling the triplexes at a rate of 0.28C min
 1, however
some hysteresis was still observed for several of the more
stable triplexes at higher pH values. For those that showed
hysteresis the equilibrium melting temperature was esti-
mated from the average of the annealing and melting
temperatures.
Representative melting curves for these complexes at
pH 6.0 are shown in Figure 3 and the Tm values deter-
mined from the melting and annealing curves (shown in
parenthesis) are presented in Table 2. It can be seen that
the TFO containing dispersed substitutions of DMAPdU
(left panel; circles) produces a Tm of 118C relative to the
triplex formed with the unmodiﬁed TFO (left panel;
squares). The incorporation of more than one substitution
gives greater stabilization with a Tm of about 28C per
substitution. Comparison with the other charged analo-
gues reveals that the amine and guanidine modiﬁcations
are more stabilizing, leading to increases in Tm of 198C
and 218C, respectively. The oligonucleotides containing
the uncharged propynyl derivative (PdU) also generate
stable triplexes, though the Tm values are less that
with DMAPdU or APdU; the diﬀerence between
DMAPdU and PdU is greatest at pH 5.0. The triplex
containing contiguous substitutions of DMAPdU in the
TFO (right panel; circles) is stabilized less than when these
residues are dispersed; this diﬀerence is greater at higher
pHs. In contrast, the stabilization produced with the three
other analogues is not aﬀected by the arrangement of the
modiﬁed bases and similar Tm values are produce with
TFOs in which these residues are dispersed or contiguous,
suggesting that steric factors may be involved in limiting
the stability of triplexes with contiguous DMAPDU
residues.
Footprinting. Triplex formation was further examined by
DNase I footprinting using the same quencher-labelled
TFOs. Representative cleavage patterns for the interaction
of the clustered and dispersed DMAPdU- and APdU-
containing TFOs with this fragment are shown in
Figure 4. Clear footprints are evident for each TFO at
the intended target site. It is can be seen that the footprints
produced by the clustered and dispersed APdU-containing
oligonucleotides persist to similar concentrations as the
dispersed DMAPdU-containing oligonucleotide. In con-
trast, the footprint for the clustered DMAPdU-containing
oligonucleotide requires higher oligonucleotide concentra-
tions, conﬁrming that it binds less strongly to the target
site. C50 values, representing the TFO concentration that
Figure 3. Representative ﬂuorescence melting curves showing the interaction of the multiply substituted dispersed (A) or clustered (B) TFOs
with their intended duplex target site. The TFOs contained T (squares), DMAPdU (circles), APdU (triangles), GPdU (diamonds) or PdU (hexagons).
The experiments were performed in 50mM sodium acetate pH 6.0, containing 200mM NaCl. The complexes were heated and cooled at a rate
of 0.28C min
 1.
Table 1. Tm values determined from the melting proﬁles of the ﬂuor-
escently labelled triplexes shown in Figure 1B
Xp H Z Y
AT TA GC CG
T 5.0 63.8 53.8 57.8 58.1
5.5 54.3 39.2 43.7 44.5
6.0 39.4 <28.0 27.7 28.3
DMAPdU 5.0 65.4 (64.0) 54.4 59.4 58.4
5.5 55.6 39.9 46.5 44.5
6.0 41.8 <28.0 30.9 29.5
APdU 5.0 66.5 (64.0) 54.8 60.3 58.7
5.5 56.9 40.3 47.0 44.9
6.0 43.7 <28.0 32.3 29.9
GPdU 5.0 67.8 (64.1) 54.6 60.2 58.5
5.5 57.7 39.6 47.2 43.9
6.0 43.8 <28.0 30.7 28.4
The Tm values shown in parenthesis are those determined from the
annealing proﬁles of the same triplexes and are included only if there
is <18C diﬀerence (hysteresis) with those obtained from melting.
1292 Nucleic Acids Research, 2009, Vol. 37,No. 4reduces the intensity of bands within the footprint by
50%, calculated from quantitative analysis of these foot-
prints, together with those for by the other modiﬁed oli-
gonucleotides are presented in Table 3, in which it can be
seen that there is a 2-fold diﬀerence between the dispersed
and clustered DMAPdU containing oligonucleotides.
Kinetics of triplex formation
We have previously shown that the increased aﬃnity of
the 20-aminoethoxy derivative of APdU for AT base pairs
is due to the slow rate of dissociation of this triplet, with
little eﬀect on the association kinetics (8). We have there-
fore determined the eﬀect of DMAPdU and APdU on the
kinetics of triplex formation.
Fluorescence melting experiments. Hysteresis between
melting and annealing proﬁles occurs when the reaction
is not at thermodynamic equilibrium and indicates the
presence of slow steps in the association or dissociation
reactions. This hysteresis can be used to estimate individ-
ual association and dissociation rate constants as pre-
viously described (8,24,25). Initially we examined the
singly modiﬁed ﬂuorescently labelled triplexes shown in
Figure 1Bi for which heating and cooling these complexes
at a rate of 68C min
 1 generated a suitable degree of
hysteresis for kinetic analysis. Annealing and melting pro-
ﬁles for each of the triplexes are shown in Figure 5A. Each
analogue generates a similar degree of hysteresis, suggest-
ing similar slow steps in the reaction of each of these
analogues with an AT base pair. Arrhenius plots derived
from these curves are shown in Figure 5B and are typical
of those seen with other triplexes; a negative slope is seen
for the dissociation reaction along with a positive slope for
the association reaction. The apparent negative activation
energy of the association reaction indicates that we are not
observing the primary kinetic event and is consistent with
the suggestion that triplex formation occurs via a nuclea-
tion-zipper mechanism (28). Examining these Arrhenius
plots reveals that the association rate constants for each
analogue are similar but the dissociation rate constants are
in diﬀerent regions of the plot. By extrapolating these lines
to 378C we estimate half-lives of 3.6 10
6 and 3.7 10
7s
for the DMAPdU and APdU triplexes, respectively. This
suggests that the diﬀerence in stability between the two
triplexes arises from diﬀerence in their dissociation rates.
Similar experiments were performed with the oligonu-
cleotides containing multiple substitutions of each analo-
gue, however the annealing curves obtained at the faster
rate of cooling, which is necessary to generate hysteresis,
did not show the usual sigmoidal shape, exhibiting a long
transition at low temperatures. These TFOs were therefore
not examined any further by ﬂuorescence melting.
Figure 4. DNase I cleavage patterns showing the interaction of the
clustered or dispersed APdU or DMAPdU-containing oligonucleotides
with a DNA fragment containing their intended target duplex target
site. The TFO concentration (mM) is shown at the top of each lane. The
experiments were performed in 10mM PIPES buﬀer pH 6.0 containing
50mM sodium chloride. The complexes were equilibrated overnight at
208C before digestion with DNase I. The lanes labelled ‘GA’ and ‘con’
represent Maxam–Gilbert markers speciﬁc for purines and DNase I
cleavage of duplex DNA in the absence of TFO, respectively. The
black bar represents the intended TFO target site.
Table 2. Tm values determined from the melting proﬁles of the ﬂuor-
escently labelled triplexes shown in Figure 1C
X pH Dispersed Clustered
T 5.0 65.2
6.0 45.5 (44.3)
7.0 <30
PdU 5.0 77.6 78.4
6.0 54.9 55.7 (53.8)
7.0 40.5 (<30) 41.1 (<30)
DMAPdU 5.0 80.9 76.3
6.0 56.8 (54.4) 47.9 (46.5)
7.0 39.5 (<30) <30
APdU 5.0 83.1 84.1
6.0 64.8 (62.7) 65.7 (64.5)
7.0 46.2 (39.1) 46.7 (43.7)
PGdU 5.0 84.1 84.3
6.0 66.8 (64.0) 67.0 (65.6)
7.0 48.8 (37.3) 48.0 (43.0)
The Tm values shown in parenthesis are those determined from the
annealing proﬁles of the same triplexes and are included only if there
is >18C diﬀerence (hysteresis) with those obtained from melting.
Table 3. Kd values and kinetic parameters obtained for the oligonucleo-
tides shown in Figure 1Bii
X Clustered Dispersed
Kd (mM) k1 (mMmin
 1) Kd (mM) k1 (mMmin
 1)
PdU 0.5 0.2 – 0.4 0.2 –
DMAPdU 1.2 0.2 0.020 0.001 0.6 0.3 0.026 0.002
APdU 0.1 0.02 0.042 0.007 0.2 0.02 0.034 0.001
GPdU 0.2 0.1 – 0.2 0.1 –
Kd values were determined at pH 6.0, while k1 was determined at
pH 5.0.
Nucleic Acids Research,2009, Vol.37, No. 4 1293Footprinting experiments. The association rates of the
DMAPdU and APdU-modiﬁed oligonucleotides were
determined by performing DNase I footprinting reactions
at diﬀerent times after mixing the TFOs with the radio-
labelled DNA fragment containing the target shown
in Figure 1Bii. Representative cleavage patterns for the
association of the clustered and dispersed DMAPdU
and APdU-containing TFOs are presented in Figure 6.
The time-dependent appearance of a footprint for each
oligonucleotide is very similar, suggesting that there are
no large diﬀerences in their association rates. These
observed rate constants are dependent on the total nucleic
acid concentration (kobs=k 1+k1[NA]) and k1 values
were determined from the concentration dependence of
the apparent rate (kobs) constants. The association rate
constants obtained for the four oligonucleotides are pre-
sented in Table 3. For each analogue there is no signiﬁcant
diﬀerence between the association rates of the oligonu-
cleotides containing dispersed or clustered substitutions.
DISCUSSION
Nucleoside analogues that are synthetically compatible
with other useful TFO modiﬁcations, such as intercalators
and cross-linkers, are highly desirable for generating heav-
ily modiﬁed triplexes for a range of applications. In this
article we have examined the speciﬁcity, aﬃnity and kinet-
ics of the charged thymine analogue DMAPdU, which
contains a dimethylamine group at the 5-position of the
base. Unlike other charged thymine analogues such as
APdU, this analogue does not require protection during
oligonucleotide synthesis (15,21).
Fluorescence melting and DNase I footprinting experi-
ments reveal that DMAPdU increases triplex stability rel-
ative to T. The increased triplex stability is not as great as
seen with other charged analogues such as APdU or
GPdU but is superior to that produced by PdU, which
contains only an uncharged propyne substituent in the
5-position. We suggest two explanations for its slightly
lower aﬃnity: ﬁrstly addition of the methyl groups could
sterically hinder interaction with the target site. Secondly
it is possible that hydrogen bond donor interactions from
the appended amino groups may contribute to the stabi-
lization aﬀorded by APdU and GPdU, consistent with the
suggestion that 5-(3-hydroxyprop-1-ynyl)-20-deoxyuridine
also produces good triplex stabilization (29). However,
the extent of triplex stabilization is dependent on the
Figure 5. Representative annealing (ﬁlled symbols) and heating proﬁles (open symbols) for the interaction of the singly substituted APdU (A) and
DMAPdU (B) containing-oligonucleotides with their intended AT-containing duplex target. The proﬁles were obtained at a rate of 68Cmin
 1.
Fraction folded plots for each triplex are included as insets. The experiments were performed in 50mM sodium acetate pH 5.0, containing 200mM
NaCl. (C) Representative Arrhenius plots for the association (k1; open symbols) and dissociation (k 1; ﬁlled symbols) constants for the APdU
(squares) and DMAPdU (circles) oligonucleotides.
Figure 6. DNase I cleavage patterns of the tyrT(43–59) DNA fragment
in the presence of 3mM of either the clustered or dispersed APdU or
DMAPdU-containing oligonucleotides. The experiments were per-
formed in 50mM sodium acetate pH 5.0 containing 200mM sodium
chloride and 2.5mM MgCl2 and the complexes were incubated at 208C
before digesting with DNase I. The time (min) after adding the TFO is
indicated at the top of each gel lane. The black bar represents the
intended TFO target site.
1294 Nucleic Acids Research, 2009, Vol. 37,No. 4arrangement and position of DMAPdU substitutions;
oligonucleotides in which the substitutions are dispersed
bind more tightly than when they are clustered. This eﬀect
could arise either from steric clash between the methyl
groups of closely positioned substitutions or competition
for protonation between adjacent residues. In contrast, the
stabilization aﬀorded by APdU and GPdU does not
depend on the arrangement of the modiﬁed nucleotides
at this target sequence. This is surprising since GPdU
also contains a bulky, albeit planar, group at the same
position. The superiority of dispersed over clustered sub-
stitutions is similar to our previous observations with
other positively charged analogues (20), but contrasts
with the results for nucleotides bearing 20-aminoethoxy
substituents (9,14,19,30).
Examining the sequence selectivity of the DMAPdU-
containing TFOs reveals that, as previously observed
with the 20-aminoethoxy derivative of APdU, this nucleo-
tide produces enhanced selectivity for YR over RY base
pairs relative to T (18). A similar eﬀect is also observed
with APdU and GPdU. Analysis of the kinetics of
the APdU.AT and DMAPdU triplets highlights that the
diﬀerence in aﬃnity arises from the faster dissociation of
DMAPdU relative to APdU, with little eﬀect on the rates
of association. This analogue would therefore be useful in
any application that requires a TFO to exhibit similar
association kinetics to APdU.
DMAPdU produces more stable triple helices than
equivalent oligonucleotides containing T, though these
are less stable than substitutions with APdU and GPdU
or the doubly substituted bis-amino-U (18,21). However
the main useful advantage of this nucleotide analogue is
that the base does not require protection during oligonu-
cleotide synthesis. It can therefore be used along with
other triplex-stabilizing derivatives that require mild
deprotection conditions. Most studies for enhancing tri-
plex stability have examined the eﬀect of a single modiﬁed
nucleotide or conjugate, while the major advances in the
technology will probably require a combination of various
stabilizing agents. This will only be possible if the diﬀerent
modiﬁed nucleotides have compatible deprotection reac-
tions during oligonucleotide synthesis. A number of oligo-
nucleotide conjugates, such as the addition of psoralen
(31), camptothecin (32) or other intercalators (33), require
mild deprotection conditions and therefore cannot be
used along with many of the triplex-stabilizing nucleotides
derivatives that have been devised. The addition of the
dimethylaminopropargyl group to the 5-position of dU
will also be fully compatible with 20-modiﬁcations such
as aminoethoxy (30) or methoxyethyl which stabilize tri-
plexes or give enhanced biological stability. DMAPdU
will therefore be useful for producing TFOs that contain
combinations of modiﬁed nucleotides.
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